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FOREWORD 
This document presents the results of work performed 
by Lockheed-Huntsville Research & Engineering Center under 
Contract NAS8-31750 for the National Aeronautics and Space 
Administration, George C. Marshall Space Flight Center. 
The NASA-MSFC technical monitor for this study is 
John E. Key, EP4Z, Structures and Propulsion Laboratory. 
The performance period for this study was from I December 
1975 through 30 November 1976. 
Lockheed-Palo Alto Research Laboratory contributors 
to this effort were B.O. Almroth and F;A. Brogan. 
ii 
LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 
LMSC-HREC TR D497054
 
SUMMARY 
This report contains the results of a study to develop modeling tech­
niques to refine the STAGS'SRB mathematical models. The objective was to 
increase the computational efficiency while obtaining adequate accuracy in 
the STAGS results. The parameter studies reported in Section 2 led to the 
formulation of an SRB mathematical model that is highly accurate and yet 
results in a significant savings in computer run time compared to previously 
used models. With the use of proper modeling techniques, the STAGS com­
puter program is a valuable and efficient tool for the SRB structural analysis. 
The constructed SRB math model was used for the analysis of the 85/ 
3Z/5 (VV/VH/C) cavity collapse load condition for the aft end of the SRB struc­
ture. Linear, nonlinear collapse and bifurcation buckling analyses were per­
formed. The linear and bifurcation buckling analyses showed that structural 
integrity and positive margins of safety will be maintained for the applied 
maximum load case using a design factor of 1.25. The nonlinear collapse 
analysis predicts stresses in the skirt above the yield for a load factor of 
1.0. Applying the 1.25 design factor gives a negative margin of safety against 
the material ultimate. The predicted collapse occurs at a load factor higher 
than 1.25. 
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1. INTRODUCTION 
Structural analysis of the solid rocket booster (SRB) is one Qf the prime 
responsibilities of NASA-MSFC's Engineering Analysis Division of the Struc­
tures and Propulsion Laboratory. Many different finite element and finite 
out their re­difference computer programs are used by MSFC in carrying 
sponsibilities. Some of these computer programs were developed by Lockheed 
Missiles & Space Company. In particular Lockheed programs STAGS A, 
STAGS B, BOSOR, and SPAR are used extensively by'vISFC, partly because 
MSFC participated in the development and helped sponsor these programs 
and are quite familiar with them. 
In the course of their detailed work, MSFC encountered some limita­
tions in the output of the subject programs. Since much expensive SRB 
hardware is involved it is imperative that the structural analyses produce 
accurate results. The purpose of this effort was to ensure that the subject 
programs produced accurate results for all required analysis conditions and 
applications. The latest version of the STAGS finite difference program, 
for theSTAGS C, was installed, checked out and an SRB model formulated 
accurate analysis of the cavity collapse load conditions. Some discrepancies 
in the STAGS analyses performed by NASA support personnel have occurred 
in the past. These problem areas were investigated and the causes deter­
mined and solutions obtaiied. 
STAGS is a computer program developed at Lockheed-Palo Alto and is 
intended for analysis of a shell type structure. The structure to be considered 
may consist of up to 30 different shell branches that are treated by use of 
finite difference discretization. A shell branch is any part of the structure 
that is thin. In addition to the shell branches, the structure may include some 
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finite elements: elastic bars, shear panels, beams and nonlinear triangular 
plate elements. 
The code can be used for: 
" Linear stress analysis
 
" Geometrically nonlinear elastic stress analysis
 
* Inelastic stress analysis, geometrically linear or nonlinear 
* Bifurcation buckling analysis with linear or geometrically 
nonlinear prestress (elastic), and 
* 	 Small vibration analysis with prestress based on linear 
or geometrically nonlinear analysis (elastic) 
* 	 Transient response analysis, linear or geometrically 
nonlinear, elastic or inelastic. 
Any combination of point forces, line loads and distributed surface 
tractions can be applied. Loading by specification of displacements or thermal 
gradients (through the shell wall and over the shell surface) is also permitted. 
Any configuration of boundary conditions or other displacement constraints can 
be 	included in the analysis. Reference 2 contains the instructions for the use 
of 	the STAGS code. 
This report contains five technical sections; four of which describe the
 
tasks performed and the final section lists several conclusions and recom­
mendations of areas requiring further study efforts.
 
1-2 
LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 
LMSC-HREC TR D497054
 
2. STAGS MODEL PARAMETER STUDY 
2.1 EFFECTS OF GRID SPACING ON LINEAR ANALYSIS 
Problems in connection with the use of the STAGS finite difference com­
puter program have been experienced during the analysis of the SRB structure 
by NASA support personnel. Some of these problems were the result of im­
proper grid configurations being used in the models. Parameter studies were 
made to determine the proper grid layout for accurate results in the linear, 
nonlinear, and bifurcation buckling analyses. Results concerning the proper 
grid spacing for the bifurcation buckling analysis are presented in Section 2.2 
and for a nonlinear analysis in Section Z.3. 
The aft portion of the SRB cylindrical body and the attached conical 
skirt, loaded by the cavity-collapse phenomena during water entry, are the 
structural components under investigation. The body is a ring stiffened 
cylinder of constant wall thickness reinforced with tee-stiffeners and clevis 
joints between body segments. The aft end of the cylinder has a spherical 
closure which supports the rocket nozzle. The motor case structure and 
components are fabricated from D6AC steel. A reinforcing tee-ring is 
located at the cylinder-skirt intersection. 
The conical skirt is a ring-stringer stiffened shell with skin thickness 
varying both lengthwise and circunferentially. Additional components, such 
as holddown posts and nozzle actuator support brackets, are integrated into 
the skirt structure. The skirt structure is fabricated from aluminum. A 
simplified view of this portion of the SRB configuration is shown in Fig. 2- 1 
(without the nozzle). In all analyses, 0 = 0 is the keel side and ' = 180 is the 
lee side for the water cavity collapse load cases. 
2-1 
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Station 
1930.641657.52 1733.56 1817.60 
1777.58 1839.6841697.54 
T T 
Fig. 2ZI .- Aft SRB Configuration 
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The major discrepancy in the previous analyses is in the cone-cylinder 
intersection area. Brown personnel experienced discrepancies in stress 
values and deformations between two seemingly identical models; i.e., differ­
ent results were 6btained when the reinforcing tee-ring was modeled on the 
cylinder portion as compared to results obtained when it was modeled on the 
cone portion of the structure, all other parameters held constant. Presented 
in this section are data on the effect of variable -grid size on the accuracy of 
the analysis in this region. 
The simplified cone-cylinder model shown in Fig. 2-2 was used for the 
"grid study." The same length, radius, cone angle, etc., were maintained for 
the simplified SRB model, but a constant skin thickness was used. In addition, 
all components were assumed to be made of the same material. No stiffeners 
were added to the structure except for the reinforcing ring at the cone-cylinder 
intersection. Initially a 90 degree segment of the structure, with symmetry 
planes at the side boundaries, was used; this was later reduced to a much 
smaller segment after it was determined that the number of grid divisions 
in the circumference had no effect on the results for the internal pressure 
loading used in this study. The structure is modeled as two "branches"; one 
is the cylinder and the other is the cone. In STAGS each general shell com­
ponent is modeled as a separate branch and the geometry, material properties 
and loading are specified for that branch. The boundary conditions at the junc­
tion of these branches is specified by the user for compatibility in the structure. 
The model was first checked for symmetry and to determine if the cor­
rect cylinder wall stresses were accurately computed by the program.
 
Computer runs were then executed for the sample problem using a 
range of longitudinal and circumferential grid spacings. The accuracy in­
creased with a finer grid spacing in the longitudinal direction, i.e., more 
grid divisions per length. For each grid configuration the analysis was 
executed twice, once with the reinforcing ring on the cylinder and again 
with the ring on the cone branch. The aspect ratio, ratio of length to width, 
2-3 
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Fig. 2-2 - Simplified SRB Model 
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of the grid was seen to have no effect on the results. Several grid sizes were 
investigated using both uniform and nonuniform grid point spacing. 
It was found that a variable grid spacing produced comparable results 
with the uniform grid spacing while significantly reducing computer run costs. 
This was achieved by allowing large grid spacings in areas of small stress 
gradients, and small grid spacings in areas of large stress gradients. This 
method of grid layout is the most efficient arrangement for-minimizing com­
puter run time for a desired level of accuracy. 
Table Z-I shows the effect of longitudinal grid size on the results. The 
longitudinal grid spacing adjacent to the intersection is given in inches. The 
grid spacing was the same in the two branches, cone and cylinder. This 
spacing was held constant for at least two grid spacings each side of the inter­
section. CYL denotes the analysis with the reinforcing ring attached to the 
cylinder branch and CONE denotes the analysis with the ring on the conical 
skirt. The tee-ring was modeled as a rigid stiffener. As the longitudinal 
grid size is reduced the radial displacement, W, and rotation, P , become 
more comparable for the two analyses. Note the results for the Z.0 and 0.5 
inch grids. 
To understand why "Pi" (Table 2-1) changes sign between the "CYL and 
CONE" analyses, for any shell structure there exists a "boundary layer" at 
as (radius x thickness)1/Zthe shell edges of the same order of size the 
within which the shell theory does not give an accurate representation 
of the stress field. However, if the shell approximations are applicable 
in the major part of the structure, shell theory will give good estimates 
of these stresses and displacements outside this boundary layer. The 
edges at the intersection of the cone and cylinder branches are in this 
boundary layer and approximations and interpolation must be used to obtain 
compatibility and continuity with the rest of the structure. The finite differ­
ence integration scheme used in STAGS also must be modified at the boundary. 
A "whole station" method of grid points and integration points is used to 
produce the greatest accuracy for the shell analysis. This scheme is shown 
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Cylinder. Reinforcing 
3 Tee Ring 
0. 2 
Cone 
, 4 
Table 2-1 
GRID STUDY 
Grid Size 10.0 5.0 2.0 0.5 Branch 
Item (in.) Ring 
1 a1 = a2 CYL 6840 -274 -586 -468 -467 
CONE 6979 148 -462 -442 
2 o3 CYL 4168 5494 1994 30 -232 
GONE 10600 5765 2108 434 
3 a1 GYL 9512 -6042 -3166 -966 -618 
CONE 3358 -5467 -3032 -1319 
4 W CYL 0.305 -0.00069 -0.00148 -0.00118 
5 0 CONE 0.0176 -0.00038 -0.00116 -0.00118 
6 CYL 0.00153 0.00447 0.00524 0.00236 
7 CONE 0.00084 -0.00333 -0.00447 -0.00165 
8 MX CYL -60.6 -625 -1043 -1310 
9 CONE -59.9 -563 -954 -1225 
o I , a2 are hoop stresses, psi. 
03. 04 are axial bending stresses, psi 
W- radial deflection, positive outward (in.) 
8W 
3 .a change in slope in the axial direction. 
Mx = axial local bending moment (in-lb) 
# reinforcing tee-ring results with tee ring modeled as a separate 
branch.
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in Fig. 2-3. Only one set of grid points is used but two sets of integration 
points, one for the bending strain energy (integration area A) and one for the 
membrane strain energy (integration area B). This method has been shown 
to produce better results than the half-station integration scheme that was 
used in STAGS A. Modifications have to be made to the integration scheme 
for accurate analyses at these boundary grid points. A plot of the rotations 
on either side of the intersection for the 0.5 inch grid spacing analysis 
in Table Z-1 is shown in Fig. Z-4. The solid curves gives the rotations for 
the analysis with the reinforcing ring on the conical branch. The dashed 
curve represents the-analysis with the ring on the cylinder branch. The 
difference in the rotations calculated at the intersection is seen to be less 
than a fourth of a degree for modeling the ring on the cone or the cylinder 
branch. The calculated inflection point is within 0.20 inch of the intersection 
line by either analysis. Thus, one cansee why P (Table 2-1) has an apparent 
but insignificant discrepancy. 
The stresses at four points on the ring are also given in Table 2-1. 
The stresses at points I and 2 are the hoop tension values and 3 and 4 are 
the axial bending stresses. Runs were also made with the ring web modeled 
as a separate branch with the flange as a stiffener. This-allows bending of 
the web and less rotation of the flange than when the ring was modeled as a 
rigid member. The ring web deformation is plotted in Fig.2-5 and compared 
with the rigid ring rotation. The reduction in bending is noted in the stress 
values for points 3 and 4 in the last column of Table 2-1. The ring web axial 
stress value is the same as that shown in the column for the 0.5 inch spacing 
where the rink was a rigid member. 
The discrepancies between the CONE and CYL runs are also partially 
due to the interpolation using several consecutive node properties either side 
of a node to determine the displacements at that node. Where a large dis­
continuity exists in the model, geometrical and/or stiffness, too coarse a 
grid size will not allow an accurate solution in this particular area. At the 
cone-cylinder intersection with the stiff reinforcing ring, the large grid size 
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Grid points for w and
X integration points 
Q Grid points for u, v 
Half-Station Scheme in STAGS A 
B 
X 	 Grid points (u,v,w) and 
integration points for 
bending energy 
____ - 5 	Integration points for 
membrane energy 
A 
Whole-Station Scheme in STAGS B and C 
Fig. 2-3 - Some Schemes for Two-Dimensional Finite Difference 
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Rotation 
in Radians 
.02 
\01 
.0023, Row 6, Table Z-1 Value 
CONE Branch -. 00165, Row 7, Table Z-1 Value 
3 .0 2.0 1.0" 1.0" Z.0" " 3.0" 
CYL Branch 
N %% Ring on Cylinder 
X --
Ring on Cone 
Rotations in Radians -. 02 
Interaction 
Fig. 2-4 - Branch Rotations at the Intersection 
2-9 
LOCKHEED -HUNTSVILLE RESEARCH & ENGINEERING CENTER 
P1 .135 
X 
<>I 
'C 
I" 
I- 1. 3 Rigid Stiffener 
z 
m 1 
m 0 
z P12 Branch Ring 
I C/) 
-
Branch 
oo 
-IA Ring Ri 
Fig. 2-5 -Ring Branch Deformation 
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inhibits the true radial displacement at that point. The effect of grid size on 
the radial displacement at the intersection is shown in Fig. 2-6. Two curves 
are shown; the solid graph shows the results with the same grid spacing on 
both sides on the intersection. The dashed curve shows the effect of main­
taining a course grid in a branch on one side of the intersection while having 
a fine grid on the other branch. A fine grid spacing must be maintained in 
the immediate area of discontinuity for accurate results., A coarse grid can 
then be established in the rest of the model with no appreciable effect on the 
results and considerable savings in run time. 
Z.2 EFFECTS OF GRID SPACING ON BIFURCATION BUCKLING ANALYSIS 
Ii a stiffened thin skin structure, buckling (local as well as general) 
can be the predominant factor governing design. Therefore, a thorough bi­
furcation buckling/nonlinear collapse analysis is needed for the aft portion 
of the SRB under cavity collapse loads. The nonlinear collapse analysis will 
be discussed in Section 2.3. 
To determine the effect of grid size on the magnitude of in-plane bi­
furcation buckling loads the simplified cone-cylinder model described in 
Section 2.1 without stiffeners was investigated. Loading was due to a uni­
form axial ring load applied along the tangent to the cone at the aft end of 
the skirt. The branch lengths of the cone and cylinder were each divided 
into 11, 21 and 41 rows on separate runs with.the same number of rows in 
each branch. Table- 2.Z and Fig. Z-.7 show the computed eigenvalues* for 
each run. Note that the eigenvalue is converging as the grid spacing is 
decreased. STAGS B was used in this analysis. The numerical procedure 
used in STAGS B allows for convergence of eigenvalues from above with de­
creasing grid spacing. Too coarse a grid spacing in the longitudinal direction 
The eigenvalue -is the value by which the applied base loads must be multi­
plied in order to give the bifurcation buckling load. In this report, eigenvalue, 
bifurcation buckling load factor, and critical load factor will be used inter­
changeably. 
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Table 2-2 
BIFURCATION BUCKLING EIGENVALUES 
No: of Divisions Eigenvalue 
In Each Branch 
11 9.44 
21 5.60 
41 4.83 
15 
10 
bb 
w 54 
0 
0 10 20 30 40 
Number of Divisions in Each Branch 
50 
Fig. 2-.7 - Bifurcation Buckling vs Grid Spacing Simplified 
Cone-Cylinder Model Using STAGS B 
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results in very high values for the critical load factor. It was determined 
that in order to achieve accurate bifurcation buckling load factors, the initial 
grid should be sized so that the half wavelength of the bifurcation buckling 
mode (that portion of the mode between inflection points) contains at least 
three intermediate grid points. In STAGS C-the convergence of bifurcation 
buckling load factors is from below with decreasing grid spacing. However, 
the conclusions concerning intermediate grid points are still applicable. 
Several STAGS C bifurcation buckling analyses were performed to 
obtain results for the 85/32/5 cavity collapse pressure distribution described 
in detail in Section 4 of this report. The 180 deg thin skin shell model de­
scribed in Section 2.3 was used in the analysis. Effectiveness of discrete 
stiffeners was determined by successively adding more stiffeners in analyses 
with the same grid. Finally, different grid patterns were set up to determine 
the effect of grid layout. 
With an unstiffened structure, the critical load factor was found to be 
0.08. With the two stiffener s included on the dome -nozzle interface and 
motor case-skirt intersection, the critical load factor increased to 0.11. 
For both the critical load factors mentioned above, buckling was predicted 
at the aft end of the skirt. However, in these analyses, none of the circum­
ferential or meridional stiffeners in the skirt were included. To account 
for the meridional stiffeners an equivalent thickness of the skirt was calcu­
lated. The equivalent thickness was determined so that the bending stiffness 
of the skin of equivalent thickness is the same as the stiffness of the skin 
with meridional stiffeners included. 
Modifying the previous structure with the three circumferential stiff­
eners along the skirt, along with the equivalent thickness, the critical load 
factor was found to be X = 0.32, with buckling predicted in the cylindrical 
motor case just forward of the dome-motor case intersection approximately 
at Station 1800. 
2-14 
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Finally, the model was modified to include the equivalent thickness in 
the skirt as well as ten discrete stiffeners: a stub, two tee rings, and two 
clevis joints along the motor case; the stiffener at the aft end of the dome; 
the main attach ring at the motor case-skirt intersection; and three stiffeners 
equally spaced along the skirt. This model includes all discrete stiffeners 
on this portion of the SRB except the integral longitudinal stiffeners which 
were included in the orthotropic skin. Bifurcation buckling results for this 
model with different grid layouts are presented in Table Z-3. Note that grid 
spacings have a significant effect on the critical load factors and therefore 
on the predicted buckling locations. 
As pointed out earlier, in STAGS C the convergence of the bifurcation 
buckling load is from below with decreasing grid spacing. Convergence from 
below makes possible the occurrence of spurious solutions. Since the bifur­
cation buckling load for the detailed model under the same loading was at a 
load factor of 2.5 (see Section 4) the results from the simplified model are 
suspect. Therefore, the detailed model described in Section 3 was chosen 
for all succeeding analyses. 
Table 2-3 
BIFURCATION BUCKLING LOAD FACTORS 
Motor 
Grid in 
Case 
Critical 
Load 
Factor Branch Station 
Angle 
(deg) 
17 x 13 EC, UL' 0.94 Motor 
Case 
1660 75 
17 x 19 EC, UL 1.z0 Motor 
Case 
1762 180 
17 x 25 EC,UL 1.03 Skirt 1880 180 
17 x 19 UC, UL 0.98 Motor 
Case 
1663 75 
14 x 13 EC,EL 0.46 Motor 
Case 
1630 180 
EC-Equal spacing in circumferential direction, UL-Unequal 
spacing in longitudinal direction, etc. 
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Z.3 NONLINEAR ANALYSIS 
Amore reliablemethod to determine impending collapse is to perform 
a nonlinear collapse analysis. In the nonlinear collapse analysis the desired 
range of loading is divided into intervals or increments. Each succeeding 
load increment includes the geometric nonlinearities (nonlinearities resulting 
due to large deformation theory) resulting from all preceding load increments. 
The loading from each increment is summed to achieve the desired level of 
loading. Incremental loadings can be mechanical or thermal in nature. 
Since the Univac 1108 C version of STAGS is relatively new, its non­
linear analysis results were checked by use of the finite element program 
NEPSAP and the finite difference programs STAGS B and BOSOR4. NEPSAP 
is a Lockheed-developed three-dimensional finite element computer program 
for the nonlinear thermo-elastic -plastic and creep analysis of arbitrary struc­
tures undergoing large deformations. BOSOR4 is a comprehensive computer 
program for the analysis of stress, stability, and vibration modes of segmented, 
ring-stiffened, branched shells of revolution and prismatic shells and panels. 
It performs large deflection aidsymnmetric stress analysis, small deflection 
non-axisynnetric stress analysis, modal vibration analysis with axisynmetric 
nonlinear prestress included, and buckling analysis with axisynunetric or non­
symmetric prestress. 
A I deg meridional slice of a sixnplied SRB cone-cylinder model was 
used to check out the nonlinear analysis. The model was composed of one­
half inch thick aluminum. The cylindrical section of the model was fixed at 
the forward end. For the analysis the reference surface of the shell was 
placed at the midplane of the thickness. Loading on the structure was due 
to a uniform meridional line load applied at the aft end of the conical section. 
A schematic showing the model, boundary conditions, and the point of appli­
cation of the line load is given in Fig. 2-8. Also given in Fig. Z-8 are load 
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Fig. 2-8 - Load-Deflection Curves for Nonlinear Analysis 
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displacement curves derived from the computer codes NEPSAP, BOSOR, 
STAGS B and STAGS C. For the purpose of the discussion here no distinc­
tion between STAGS B and STAGS C will be made since identifical results 
were obtained from these programs. In Fig. 2-8 the magnitude of applied 
loading is indicated by the line load factor LLF which is merely a multiplier 
of the/applied base load of 1500 lb/in. (for instance LLF = 2.0 implies a line 
load of 3000 lb/in.). 
For the linear analysis indicated in the figure a small line load (LLF = 
0.4) was applied to the structure. This small magnitude of load was chosen 
to minimize the nonlinear effects in the corresponding nonlinear runs used 
for comparison. NEPSAP, BOSOR, and STAGS all produced identical results 
at this load level. The curve in Fig. 2-8 labeled linear analysis has been ex­
tended to a value of LLF = 4.0 to indicate the magnitude of nonlinearities that 
exist in the other runs. 
Collapse loads indicated by STAGS were at a line load factor of approx­
imately LLF = 5.4 whereas BOSOR and NEPSAP indicate collapse in the range 
of LLF = 4.4 to LLF = 4.8. Several things affect the load level at which collapse 
occurs. The type of terms included in the energy expressions and the numer­
ical method of solving the resultant equations can affect the level at which 
collapse is indicated. However, probably the most significant reason for 
differences in the collapse level is the method by which STAGS automatically 
reduces the size of the load increment when convergence within a load incre­
ment is difficult. For both BOSOR and NEPSAP a constant load increment 
of LLF = 0.4 was used. For impending collapse, when the load increment is 
too large, numerical instabilities can occur, causing erroneous results for 
this last load increment. Difficulty in convergence occurred for BOSOR and 
NEPSAP at LLF = 4.0, LLF = 4.4, and LLF = 4.8. For BOSOR the displace­
ment pattern at LLF = 4.8 was completely different from previous solutions, 
probably representing a solution in the postbuckling range. A BOSOR bifur­
cation buckling analysis was not performed to determine the corresponding 
*eigenvalue (LLF) and buckling location. For NEPSAP, the displacement 
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pattern was consistent for LLF = 4.8; however, the incremental displacement 
in going from LLF = 4.4 to'LLF = 4.8 was approximately ten times the total 
displacement that had occurred at the end of the preceding step, indicating 
the onset of collapse. For the STAGS nonlinear analysis, when convergence 
was difficult, the size of the load increment was automatically cut in half and 
then halved again when necessary to achieve convergence. Within the whole 
analysis using STAGS, the size of the load increment decreased from a value 
of LLF = 0.5 in'the early stages to a value of LLF = 0.031 in the latter stages 
of the analysis. By using this procedure STAGS was able to achieve conver­
gence up to a value of LLF = 5.406 at which maximum allowable execution 
time for the analysis was reached and analysis was then terminated. Due to 
the relatively small load increment needed in STAGS to achieve convergence 
it is evident that collapse is impending. Indicated in Fig. 2-8 is a STAGS 
bifurcation buckling load of LLF = 5.6. The STAGS nonlinear analysis is 
asymptotic to this buckling load, thereby showing compatibility between 
collapse and buckling analysis. 
It should be mentioned here that at no time did there exist any discrep­
ancies between the nonlinear STAGS results and the linear STAGS results as 
NASA support personnel experienced. For their analysis, there were signif­
icant differences in the slopes of the load displacement curves between the 
linear analysis and the initial load increments of the nonlinear analysis. In 
order to determine the reason for discrepancies NASA support personnel 
experienced, exact models and load conditions used by them would have to 
be studied. The end results of the nonlinear analysis parameter study was 
to derive a simplified model with computer run times significantly less than 
those for the detailed model described in Section 3. To this end a simplified 
model was constructed. 
The 180 deg simplified model includes all stiffeners in the detailed 
model with the exception of the hold-down posts. Ten discrete stiffeners 
in all have been included; a stub, two tee-rings, and two clevis joints along 
the motor case; the stiffener at the aft end of the dome; the main attach 
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ring at the motor case-skirt intersection; and three stiffeners equally spaced. 
along the skirt. The following thickness and materials were used for each 
branch: 
Motor Case - Steel, Thickness = 0.5 in. 
Dome -Steel, Thickness = 0.362 in. 
Skirt -Aluminum, Thickness = 0.5 in. 
In addition, orthotropic material properties were used in the skirt to account 
for the longitudinal stiffeners. 
The 90/45/10 cavity collapse pressure distribution described in the 
initial NASA loads document was used in the analysis. The same pressure 
distributions exist for the 85/32/5 load case described in Section 3 but at a 
reduced magnitude. Undeformed plots of the simplified model are given in 
Figs. Z-9 and Z-10. These plots were obtained from the NEPSAP program. 
A nonlinear collapse analysis was performed using the aforementioned 
simplified model. The results at Station 1800 for 0 = 180 deg (this is the 
point in the structure with greatest nonlinearity in load path) are shovn 
in Fig. 2-11. Also shown in the figure are the results from the detailed model 
described in Section 3. The initial slopes of the load-displacement curves for 
the two models differ for two reasons: (1) the hold-down posts and thickened 
skin portion of the skirt have not been included in the simplified model, and 
(Z) a thickness of 0.5 was used in the simplified model whereas a thickness 
of 0.5Z was used in the detailed model. Due to the simplifications for the 
parameter study, the simplified model is slightly more flexible than the de­
tailed model. This is evident on inspection of Fig. 2-11. Still, displacements 
differ by less than 15% for the two models. Convergence in the detailed model 
at a load factor greater than 1.5 was not obtained, indicating the onset of col­
lapse. However, in the simplified model, convergence did not become a 
problem until a load factor of 1.7 was reached. 
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rig. 2-9 - Orthographic View of Simplified 52,3 Thin Shell Model 
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Fig. Z- 10 - Isometric View of Simplified SRB Thin Shell Model 
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The simplified model described above offered reasonably good overall 
load-displacement characteristics. However, to determine the structural 
Very detailedintegrity of the SRB these overall results are not enough. 
stresses within the skin are needed and these could not be determined using 
For this reason, the detailed model described inthe simplified model. 

Section 3 was used for all succeeding analyses.
 
2.4 REFERENCE SURFACE LOCATION 
In the STAGS program, both versions B and C, a thin shell is located 
by defining a reference surface and the offset from the reference surface 
to the midplane of the shell. NASA support personnel have determined dis­
crepancies dependent upon the way in which the n-idplane of the shell is de­
fined. A series of STAGS C computer runs was made to determine the effect 
of reference surface location on results. 
The simplified unstiffened cone-cylinder model described in Section 
2.3 was used in this study. Linear responses of the structure were deter­
mined. The reference surface was located at the midplane of the shell and 
also at the outer surface of the shell (skin centerline offset at a distance of 
one-half the thickness from the reference surface). 
Under internal pressure loads identical results were obtained, regard­
less of the location of the reference surface. For the reference surface 
located at the midplane of the shell wall and line loads applied at the aft end 
of the skirt, the calculated stress resultants along the aft end of the skirt 
were identical to the applied line loads. However, under the same loadings, 
with the reference surface located at the outer skin surface, significant 
variations in the stress resultants from the applied line loads occurred at 
the point of load application. It was determined that line loads in STAGS B 
and STAGS C are applied at the reference surface, not at the skin centerline. 
Therefore when the reference surface is not at the skin midplane, the meri­
dional line load plus a moment to compensate for the eccentricity must be 
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sur­
surface of the shell, the results achieved were identical to 
applied. When applying this equivalent load system with the reference 

face at the outer 

those with the reference surface at the midplane of the shell.
 
It should also be pointed out that the discrepancies occurring due to 
quite localized and completely damped outreference surface location were 
within the "boundary layer" region defined by the meridional distance (thick­
1/2
ness x radius) 
2.5 IMPERFECTION SENSITIVITY 
Imperfections from manufacturing tolerances could possibly affect the 
load carrying capability of the aft portion of the SRB. A tolerance of +0.5 
inch on the overall diameter of the motor case is specified on the part draw­
ings. It is apparent that slight variations in initial geometry would have 
little effect on the response of the structure for nonsynnetric loading 
patterns. However, for the symmetric pressure distributions that exist for 
a possibility that imper­vertical entry of the SRB on water impact there is 

fections could significantly affect the collapse loads of the structure.
 
The STAGS C computer program handles imperfections by a user 
written subroutine, WIMP. Basically, this subroutine defines variations 
in normal displacements from the original reference surface due to imper­
fections. The prescribed structure (original structure with imperfections) 
is assumed to be in a stress free state, and a nonlinear analysis is performed 
on this stress free structure. 
In order to study the effect of imperfections in the motor case the
 
following variations in normal displacements along the circumference were
 
assumed:
 
W, () = - cos.e 0 < 6 < 180 deg
 
Z-Z 
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where T is the specified tolerance on the diameter. In the motor case T 
0.5 inch. Variations along the axis of the motor case were of the form 
[W2 (x) =4 -- ( x 27) X x < x 
where x. and x. are axial coordinates at the beginning and end of the axial 1 3 
imperfection. The total variation in normal displacements was then 
w(e,x) = W 1 (e) Wz x) 
Note that at the end points for the imperfections (x = x i , x = xj, 0 = 0 deg, 
8 = 180 deg) the slopes are zero so that no discontinuities exist in the skin. 
Using the STAGS C program, the imperfections as defined above were 
applied to the detailed SRB model described in Section 3 of this report. The 
end points for the longitudinal variation in imperfections were chosen to be 
at the tee rings on the motor case. This corresponds approximately to the 
point of maximum pressure for the 90/0/0 load case described in Revision 
B to the SRB loads document (Ref. 1). Pressure distributions for the 90/0/0 
load case were applied to the structure. 
Results of the linear and nonlinear analysis with and without imperfec­
tions are shown in Fig. Z-i1. The lee side (8 = 180 deg) radial displacement 
midway between the tee rings is plotted against the load factor. The load 
factor is the multiplier for the 90/0/0 pressure distribution defined in the 
loads document (i.e., a load factor of 1.0 defines the 90/0/0 loading condition 
and a load factor of 2.0 doubles this). Comparison of the results for the 
model with and without imperfections indicate that the magnitudes of imper­
fections in the motor case due to manufacturing tolerances do not significantly 
affect the response of the structure. In fact, at a load factor of Z.6 the dis­
placements were within 1% of each other. 
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The manufacturing tolerances on the SRB skirt are of the same order 
of magnitude as those in the motor case. Also, the pressure loads on the 
skirt for the 90/0/0 load case are smaller than those on the motor case. 
Since imperfection sensitivity was not detected in the motor case, it is antic­
ipated that the skirt will exhibit the same characteristics. 
The load factor value at which nonlinear collapse occurs might be sig­
nificantly affected by imperfections,bnt a load factor of a least 3.0 would be 
reached before collapse. Load factors beyond 3.0 are of little interest in 
the determination of the structural integrity of the SRB (see Section 4). 
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3. STAGS C SRB MATHEMATICAL MODEL 
3.1 STRUCTURE DESCRIPTION 
The aft portion of the SRB cylindrical body and the attached conical 
skirt, loaded by the cavity-collapse phenomena during water entry, are the 
structural components to be modeled. The body is a ring stiffened cylinder 
of constant wall thickness reinforced with rectangular stiffeners, teerstiffeners 
and clevis joints between body segments. The aft. end of the cylinder has a 
hemispherical closure which supports the rocket nozzle. The motor case 
structure and components are fabricated from D6AC steel. A reinforcing 
tee-ring is located at the cylinder-skirt intersection. 
The conical skirt is a ring-stringer stiffened shell with skin thickness 
varying both lengthwise and circumnferentially. Additional components, such 
as holddown posts and nozzle actuator support brackets, are integrated into 
the skirt structure. The skirt structure is fabricated from 2219-T87 alumi­
num. A simplified view of this portion of the SRB configuration showing the 
major geometry dimensions is shown in Fig.3-1 (without the nozzle). 
The data have been compiled from the SKB drawings and coded into the 
STAGS C format. The skirt data were taken from NASA-MSFC 14A00305 
(1Z January 1976) drawing and the SRM data from Thiokol IU50185 and IU50129. 
3.Z SRB MATHEMATICAL MODEL -
The math model is a 180 degree symmetrical structure composed of 
four branches: Branch I is the motor case cylinder from the reinforcing 
ring at Station 1613.50 to the aft dome tangent point at Station 18Z8.85; Branch 
2 is the aft dome; Branch 3 is the remaining portion of the cylinder between 
the aft dome tangent point and-the cone-cylinder intersection; Branch 4 is the 
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Fig. 3-1 - STAGS SRB Model Configuration, Basic Geometry 
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conical skirt. The tee-rings and clevis joints are included on Branch 1 and 
the heavy nozzle attach ring on Branch 2. The large reinforcing tee-ring at 
the cone-cylinder intersection is included on Branch 3. The three internal 
rings and the longitudinal stiffeners are included on the skirt as well as the 
holddown posts and actuator support brackets. The heavier primary stiffeners 
that tie into the rings at the aft end of the stiffeners are modeled-as discrete 
stiffeners and the lighter intermediate stiffeners are smeared into the skin. 
The skin then becomes orthotropic with increased stiffness in the longitudinal 
direction. This maintains the structural stiffness in the model but reduces 
the number of grid points required in the circumferential direction. This 
model has 3944 nodes and 6587 equations. 
The variation in wall thickness in Branches 2 and 4 are input using 
Subroutine WALL. The subroutine for inputting stiffeners off the gridlines 
has not been completed and-checked out for STAGS C, so the holddown post 
diagonal members had to be input point-by-point on the gridlines. The stiff­
ness properties were prorated between the affected nodes. 
Two SRB math models are used for the cavity collapse analyses. They 
are designated as the "original" and the "rotated" model. The "original" SRB 
math model used for the analyses is oriented such that the +YB plane is, taken 
as the model plane of symmetry (Ref. MSFC 14A00305). The (+) YB is con­
sidered 0 deg, the keel side, and (-) YB as the 180 deg reference, the lee side 
for the pressure loading. In this orientation the skirt holddown posts are 
located at 60 and 120 deg, see Fig. 3-2. Another SRB model has been con­
structed in which the plane of symmetry has been rotated 90 deg so that the 
±Z B plane is taken as the plane of synnetry. This model is designated as 
the "rotated model." In this configuration the holddown posts are located at 
30 and 150 deg. The 0 deg reference in this model is also considered the 
keel side. This configuration is shown in Fig. 3-3., The total number of 
rows and columns has been held constant for both models with the only 
changes being made in the nodal column locations. 
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The reference surface for each branch in the model was assumed to 
be the outside skin surface. This was chosen to simplify the data input in 
the skirt branch and reduce the possibility of having input data errors. The 
outside skin surface of the conical skirt is a constant radius at any given 
longitudinal station; while the inside surface is stepped for the changing thick­
ness in both the longitudinal and circumferential directions. 
Tables 3-1 and 3-2 are listings of the WALL subroutine for the original 
and rotated models, respectively. The variation of wall thickness versus X 
and Y coordinates for Branches 2 and 4 and the smeared stiffener data for 
Branch 4 are given. Tables 3-3 and 3-4 are the corresponding additipnal 
STAGS C input data listings for a linear analysis for both models, respec­
tively. Refer to the STAGS C user's manual for interpretation of the data 
listings. Note the ordered sequence of the branches and the interconnection 
of the node numbering sequences from one branch to another. This is the 
most efficient sequence for model accuracy and computer run time. The re­
sults of the parameter and grid spacing studies reported in Section 2 were 
used in determining the nodal locations for the model. 
3.3 MODEL RUN TIMES 
Typical run times on the NASA-MSFC Univac 1108 system for a linear 
analysis using this model was 20 minutes CPU and 13 minutes I/O for a total 
time charge of 33 minutes. A bifurcation buckling analysis to determine the 
first eigenvalue and mode shape took 38 minutes CPU and 40 minutes I/O. 
3.4 MATERIAL PROPERTIES 
The material properties used in the model and the allowable stress 
values for checking the results are given in Table 3-5 for both the D6AC 
steel motor case material '(Branches 1, 2 and 3) and the 2219 aluminum skirt 
structure (Branch 4). 
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Table 3-1 
WALL SUBROUTINE LISTING, ORIGINAL MODEL (+YB) 
BFOtJiS eALLeALL
 
NSA --E3 I~&7-O57--8---4----­
-47
 
C - SET JP SEC-TtONAL-- ROPE-T-US--t-D-TA--STA4-E4IT 
C U CLULL LOCATIONS ALONS CIRCUnFEqENCE 
C THICK THICKNESS FOR SECTIONS ACCOROING TO (WOdpCOLI 
C .ISF NO. OF -STI:FNERS-IN-COLUH4--SEtCIOHM---
C KSIF BEGINNING Al rJINB ROWS FOR SHEARED STIFFENEWS 
C 
JIHENSION ISTF(B)XSTF(&)
 
-11ENSIN COLtII),ROW(-k) -------------

O14ENS1O0 THICK(16,14) 
-- -DATA 
LD tA D.RO2j 0.t38.Ol.7.52;72.,2IBD.S
 
I 155.0183.39,83.9,9D.956/
 
DOATA THIC/1 E1 .375,
 
4?&. 5 25,24.S,2*I.375P*O.SS,2*1.375,.S5.,?*J.3-'$SS 
52*J.4525,0.46SSO.5.2*1.375,O.5.2*0.4625,.5,2*11375SO,468S,2? 
-69.4525, 
13*3.4525,f.5,21.375,O.5,2*3.4625,0.S,21.375.0.5,3*o34525& 
2.355S2*I.75,*I.S,*375,*.-5,--~ l]SD- ¢a 2 
... "*3.5,21.3,ZS0., 2*1.,37Sf 14O. 5/ 
OATA XSTF,7.723,1s.Oo6,24.0ob,51.4IBS7.8a1*83.39O-/
 
DT4ENSION DlODi)1),OT'4IC f(1lI ............ ...... .........-
DATA !lDd/93.2, 91.086,92.17,.721 1I3.418,TB5.B15
 
DATA DTHICI/6*0.382,0.42,0.6,09.,1.75,3.01
 
C CHANGE THIS CARD FOR EXECUTION OF STABS FD' 4 BRANCHES
 
.--C 
IFtI8dNCH.EQ.4) SO TO 75
 
-- IF(IICH.EQ.2) GO-TO 76 ­
4EFf 9,04
 
ICF3:3 / 
20 7 1 1 : 1, 1 1 .... . .. ....... .
..  

TL(I ):DTHInA(Ii
 
IF( x-DiOl(I-I.LT..Oh1-O--TO--

T1 CV4TI'4E
 
--72 Z=-TL(II/2*. . 
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Table 3-1 (Continued) 
1ET3(1)=O.O
 
LAYS=1
 
ISTFF=O
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-
-
I 
75 CgTINUE
 
.....IONS=3
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4 COJTINUE
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IS--e--Rev--s-TO" --. OF X tnT 

EXIrI).5Eb 

*- EYIZIO.3&-
____
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IF(ICI.E1.17)IC1:16
k~O Till rM 

-COLIICOL Ill
 
.....AT ¢Tqj. K--+0-y+R4... ,+O:"' 
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Table 3-1 (Concluded) 
C
-....---- ­
rrl:l 
SI=:2.503E6
 
0---£I-,8
0 Zr1.B -___ 
TI(! AT 
EY3(11 ZEY I 
63(31)=5
 
-- ZETS(1l:0.a
 
Ut (X.SSSSYTF3).A40.(K.LE.XSTFl'u))S0D TO 10 
-F(X.6E.STFS)4A0.-.EXF*64-159-TO 10 
TO -S 
1O JC=ICOL 
IF(ECOL.6T.9)r I:1-COL 
C- --- IC LOCATES COLIM-SECTI-4---MPRgQ­
10:1 C3L-I 
19(( lL.O1..(CLE.7)SO TO 20 
- - - I ISTF (IC I .ISTF# II "9.0).O--O-4------­
01:1 .0*CCOL(ICOLtII-COLCICOL-1)) /IISTFIICI+IStFIIOI) 
OflTO 21 _________-----­
?OID: (COLM2-COL(I)fl.D *XSTF(1 
_41 111 INU 
I)2'4-----S4(I - - - -
IF( &3S41---#-n-)--kT.---14-431- a.E 84-n- &6,4044-1-.40 
IFi ASY- 34.00).LT.fl.0S) 01= 0.5*1 93.33- ?B.OO/1.00 
IF( ASS( 9" -4.14-0-
IF( ABSEY- 9b.01.Lt.0.05) 01= 0.5*4102.02- 93.001/1.00 
IF I ABS(Y-13s.3a) .LT.O.051 01= 0.5*(1q7.75-126.fl2I/1.75 
IF4 ABSE V-IA7.7S) .I2.3-.OS"I-O.S*L5t7S2=J-3834l.5 
IF( ASS(Y-15?.5l).LT.tj.O5l DI= 0.5s(1&5.0fl-lkl.7S)/.25 
--- IF(4 ABStY-165.Dfl).Lr.D.05)o1 05 xas-zsuic 
IF( AflS(Y-1I2.SDI .L.a.D5I 01= 0.5#1l30.03-165.001/I .00 
soCO'TINJE ---- ___- -__ 
C 50 dRLIE(S.S33 C,(,IZ1.1Z2,AT,IC,I0,01 
S3 FOQ'IAT I' 2CL. 1 X,262,1.,I 2,f.b 
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Table 3-2
 
WALL SUBROUTINE LISTING, ROTATED MODEL (-ZB)
 
WFOR.UWS WALL.,VALL )

"I0fI6/76-031127; if--((
HSA L3 7 --.
eq7--
____ __ .......
C --.. SET UP 5LCTIoNALpROPERTIES--l-DxAT--ST fNEg-

C COL - COLUMN LOCATIONS ALONG CIRCUMFERENCg

¢ -R0O--W-rf5 CTTUU---C-TTU -- Off-L-L TG-1NOT NECESSARILY ROW NTT 
THICK THICKNESS FOR SECTIONS ACCORDING TO (ROW.COLI

C - ISTF a NO. OF SrFFTENERS-IK-COLtJtUHSECTr-

C XSTF * BLQINNIN 
 AND ENDING ROWS FOR SMEARED STIFFENERS
 
C 
I
 
. ... 

oIfENSION ISTF(kOIXSTF(6I 

.... .
I CNS l O01 O L 21), ROW 4I )"D I--

DIMENSIOfN THICk(20.'I
 
. CLOO
ATA 
-- | 3,08.O ,d3.|SbI lldi.39 ,|62.956/ 
__JTO _|___O 
.... DATA THICK/ 20*.3752 . -..

* 2..907G,2#I .375. *&9875,S*.,3*.987S,2*I.375,N*987S.
 
t.52i-,
i 375, .55.S0-,;626,39.S5,2.v,375-3
55.4_
 
.... ,.5;z i37s'; O=;S52. f37syq ',S7 
-________ 
6.q625,,SI*1 .j7!,37,,70.' eZ.S,2*I .3752.S=,2435625, 
b. 625,.S.ZI .375,.5,.46U 0S,.4625,.q685,2 S,2j,3752e..S,2.#. 2S,
92 ..5,2 1.375 , IO ,5 375 q .. . ........ ... .S.. . . . . 
I 4 .6SZ* .S,7,qla2*S,Z.,S,2.i,372..5,2stSzS,', 1,.37, 6 ­
2.402b, s,.51Z375,.5,7.4o25,20.,5201.375#2!.52t,625,
 
... A1A ISTV/202,.O,2,3,2,4.I,3;2.I;2a~Th4-
 / .. 
DATA XSTF/7.123,IU.Ou6,24.OUa,5I.qBS7.qal,63.390 I 
Dir4ENSION UROW(IIf,DT"ICKII) 
CA'A DRO/9u.g,.Ot6,92lI7'l, B721 I3.78,125.IBS,
 
I... 132.,0 133,171/ ....
Z6.0, 130.0,131is,
DA1A L'r CK/6.O.36ZOq2t,,.91 1.75,3.0/ 
 -,
 
C
 
C CHANGE THIS CARD FOR EXECUTION OF STAGS FOR 4 BRANCHES
 
IF(IbRNCHEQ.q) G0 TO 75
 
. IF(IURNCH.EW.2) GO TO 7"
 
RLTUHN 
-76 CONTINHUE ""
 
ICFui3 
....... 06 71 raT;'IF
 
TLtI)-DTICK(I)
 
IF(IX-UROwI)V',LT,&'OOI-GO TO7T­
- TZB CulriUE2'-TL(Il/2.O --
-_
 
EA3( IzU.3E0 
UIJ41lo,33-

GA(I)O.I|ILS ... . . .....
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C 
C 

C 

C 

C 
4 
C
 
Table 3-2 (Continued) 
RET31I I)O, 
LAYS=I 
-- LSTR S. . . 
isTFF-0 
KHOA-OO 
RErURN
 
76 	 CUNTINUE
 
JCFO=3. . . .. . . .. . . .
 
LAYS-I
 
...LSTRS r­
tNH1TL6,61) COL
 
'61 FOR{NAT(IV L~iT7I 
.. lT{(6,6j) ROW
 
"'W2>- -RDW,-;r'6Fri;
O'tAT 

WI<ITEIA,60) ((THICK(.bII .4.3,20).IaIE*)
 
60 F0RHAT IITHICK r2iF6,F.r
 
S CONTINUE
 
14LOL-21
 
DO I-IaI,NCOL 3J 
ICOL.I
 
I CONTINUE 
3 CONTINUE- - -.........
 
ICOL IS THE COLUMN NO. OF Y 
O..2 I IiNROW -
INUA.-1
 
2 IF (X.GE.ROW(r)IrT'ANuz7V TROwu-fX-r--- .
 
'iCONTINU.
 
IRUW 15 1HE ROW SECTION-NO. OF- -- r--(fE"]SSX 6Y-E--RaRT-

EXIUIU.SE6
 
- LY|IUStL ......
 
AN =U,3

Ei=EXI 	 ---.. ..
. . .
 
UL!=XI
 
4* 	 £X1/ 12,eI1 ,+XNI ] ... . .. .. . . . .... . . .. ... 
ZE1ZnOu
 
IC2J CUL-i 
-F(ICI.EJ.1)1C21 
IF{'CIEW.21) ICIe2O	 
____ 
AICO.SI(IHICK(ICIIROWITHICKIICr-MOWT
 
AZ(COL(ICOL*I-COL(ICOL))/(COLIICOL+I)-COL(ICOL-I))
 
.(
COL(ICOL I -COL tZICOI-t-n 7tCOtCM upJ.LUIICUL&.I,
 
AlIU*(AeTHICK(ICIIROW) BTHmICK(ICZIRO)j
 
L .AT/2. .-.. ......
 
l05 COHPI.LTES CALC, FOR MONOCOQUE SHELL
 
t01o PUV INs SHEANLD STIFFENERS -- "
 
:UVC 1HIt CARD uP
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Table 3-Z (Concluded) 
.JKIsO . .
 
$I" It-=O 52qZ4 .... 
51-2.6903E6
 
ELZI=-2.440
 
EL()=AT
 
.EX3Cl)iEXI-' 
LY3C I)-EYI
 
U2II)XNI----------

G311 ".G
 
LLT3(I1)-0.0"- ----------­
NH03(I)oO.0
 
IF((X.GE.XSTF(3)).AND.(XLE.XSTFql))6O TO 10
 
I F((X.GE,AXSTF'() )ANb|iXC;XSTnbI))I60 TO ao jSTFp=C
 
60 10 50 -___
 
10 IC-ICOL 
I Srrrr-
IC OCATES COLUMN SLCTION NUMBER
 
I1 'ICOL-I --­
IFt(ICOLLEW.dIIOR.IICOL.EQ.21) GO TO 20
 
IF( ISIFtZIISTFIID)I.EQ.0) --O'-T0-2-­
D1-1.0*(COLIICOLI)-COL(ICOL-I /(ISTFIICI+ISTFIIO)) 
U.0 TO 2-------------

ZU I|(ICOL.LW.j) OIICOL2)-COLiI))/ISTFCI)
 
IF ICOL . E .21) -I(COL (211I;COL(2 OT7 TFTSTVU-_r
 
21 CONTINUE
 
, , - "" - _(isTI -I 

ISMNl--i ­
. SMO (I I'I
 
smsp( I).U1 
StIANG1C 0. - _____ 
5U CUNTINJI 
RITE(6,63) X'¥jrI-CIICZTATjIC','rD-D-
Ir(DI.LT.0OI) ISTFF-D

~w-r-oRHgTT*-t- 2fEl~.6,cAIr2TpuiA.LL1.p,26,pALp'*.b
 
RLTURN
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Table 3-3 
STAGS C INPUT DATA LISTING, ORIGINAL MODEL (+Y,) 
STASS 1'dOtT W~A.
 
S TS S. --- E- '€-a-O'&1---TtA-t --
F* 4 3 0 00 

_____ 
-.....-. %2---21...- I-- - -21 ..... .7----2-----3----21-------
1 & 2 3 3 "0 4
 
--.-.--6-4 7-2 - ------S..
 3 1 0 3 1 0 
I 3 2 1 
3 3 4 1 
5 I 0 3 
4 

--
3-?-1,3 - -.- ---- --tO r 71]
 
-1 -L
 
93.24 102.2554.22 64.23 74.23 84.2446.72 49.22 76 -- - 751-. -1 -1 - - - 14 2.7-­8 . ... 1-0.26-- 4--3-rG 
. I-111 .25. 1-1 5 75- ---
166.78 169.28 17T'.Z9 184.29153.27 158.77 151.52 154.28 
215.35 . -. . .3 ----- - $ .. .. 8 ,213.96 
.. . . 5-- -22.5--.. .63 .-,3
.. . . . 
84. 93. 96. 132. 114. 123. 12&. 138. 
. . ...­.... . ...

-'-- S-7.5- -165 . - -- 1-72.5- --- i.-147.75 
2 4 6 4 
* *---
_ -, - - - * --------­
0 1
 
1 -- - 314..-... .. .---- A-
.546 2.135 -1.045 2.105 -1.346 -2.135 .546 -2.105
 
.....--­
----- 399......-.-- 5-.-'f9-
.. .... .6.7-..- 415 -9.8 
. 
1 D ' .0 
3.8S__ ------ 1-45 
- 1.993 5.59?I .... --....­I....---0 
1.484 .3 
. 971 -- _. 46& 
3 1 1 21 
3-3.LE6 
-2 4 
1.621 
_.S7&3 
-
11.E6 
1 2' 
.9 
, . 6.. 
_.a- .-
.28 
.0137 
.? 
1--
.0 
4-
1.975 
.­34 R 
-1 
I 
.. ... .2 
2 
0 
14 
-. ­ 23 
28 
1 
1 21 
. . .I - -­
1 21 
1 1 
1 
.. .... 
7 
-..-­ 9.0.-
......... 
1 -. 26 
. 62-.. . 38.E6 -.. ... --..... 30.E-6-.....-1- .k -----
1 
.. 1-33 -71 - 3 4 ----. . 0--- .....7-3 -
90 * -- 9-. W8&----­ 2-rl'-f-----1 9 1-r&7T-2---4--3 -r#8.416 
131. 132. 133.171 
.0 
I 3  -
,?3- . . 
- ­
-24~ 
. 
-4 
. 
) 
. 
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Table 3-3 (Continued) 
STAGS INPUT DATA. PAGE 2 
*-4. ;* . - G;0 S , *: . *2 . S . 0 . 
1475 " 157.5 15.0 172.5 180.0 
0 1 
2.523 --1.139 2.299& -2.529? -2.523 0.139 -0.2996 2.5092
 
-- 3.53?l 2.300 "i-t5-2 
lZT~T, i3°37 

1 I1 1 Z1
 
.. .1 ---11
 
_
...	 s -... . ------ ------- ___ ____ 
.0 13.49 .0 180. 73. 
0.0 1.311 2.622 5.245 7.86T 9.178 10.49
 
84. 90. 96. 102,- 114. 122. 126. 138.
 
147.75 ------ -----	 .........
71 1fl.5--SBr-

6 4 6 4
 
U 1
 
1 2 ' 2 30.E6 11.tO .28 
. ... 625 5-- , 2 .. . 62 ' ----E 425- 5E.625- .0 --. ­
2.095
.8.571 57.56 3.833 .0 1.94 " .0 
- -1-....7 1 2 i 	 ­
o i 1 21 
3 0 
.52 3-3.E6 .. 33 30.E6 11.ES 
.0 180. 73. 104.1.3 90.956 
.3 1.5 3.9 7.25 7.723 8.25 " 12.96 17.5 
-- 1.0 1.--20.5 ----- 1 .006 -2 
30.87 37.74 44.$1 50.9 51.481 52. 54. 54.481 
-- 55-.----5 7,. 57. ----- -- 3*9---4.----6.91---f­
83.39 	 893.9 85. 85.536 87.0 90.956
 
_6$3- -70 -. --. 5t.
 
84. 93. 96. 102. 114. 120. 176. 138.
 
6 4 3 4 
-6874. 1 1 12 16
 
-i---3-- - 0-. 4E-6r-­32- E&-----
-7.989 5.297 -'8.849 .087 -7.9V6.9 2.692 - - -.639 .216 
--- - 9 2 4 &S, 7T2 a- --- - 14..61 ---- _ -----	 . . . . 6 -- 1 ? - . _ 6,---	 57 
1 3 4 3 lO.Ef 4.E6 
.275 -1.37 -4.352
6.726 84.243 1B.4b9 25.982 

----- 313 0.*E6--- 4-WSfr 
-8.662 6.39 -13 a ? .438 -7.52? 3.25) -. 539 .216 
ORIGINAL -PAGE IS 
OR POOR QUALITr 
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Table 3-3 (Continued) 
STAGS INPUT DATA. PAGE 3
 
13.96] 25.92 7t,B500 18.830 226. 

---- 4--- -2------4- 0 10 . -~6----------4'" 
-2.73 1.25 -2.-to -1.25 -2.70 
. 5.8 s 13 .___. 6 1,0 ------ 0 4 
1 3 4 2 	 I0.E5 4.E6 
-272 -1.22i To 
2.713 1.172 .994 .0 .421 
-4.3 -7.18
2.625 4.3 2.625 
.. 24i.562--4&3.801 4-.0;0 , _ ----------

1 1 3 3 1o.Es 4.E6
 
9r7 1---- --- -.- T712 1
" 1 
-	
,78.4 '19.39 4.B95 0 .
 
-

10.18 5.495 13.573 .0 21.98 
14.12 14.662 13.827 .0 ts.65 
1.895 -.643 1.31ft -2.123 -2.366 

4.B86--	 3 015-- -3 -98S 
1 10 0 13.tE6 4.E6 
.21- 7 -. 5r3 - 6L8 0 11'V.4 
1 3 0 3 13.ES 4.E6 
25.42 85.511 33.8B9 .0 .135.55 
... - - -..-....-...... -----10.E&----------E6­
16.715 62.267 3.706 .0 34.3 
-3-- 3------ -4r,E6----­
.3 3S.9 
....----.. --	
.... 10.E 
17.717 74.155 9.228 
----- I - 3 0---------r 6 
.11.973 26.185 	 2.58B .0 10.3 
. --- 13 --- ...-------. 6------m--.6 ­
30.9
14A.09 73.555 7.765 .0 
I --- 3- - ---.-- -0.E S-------- E- ­
5.741 .0 22.9
11.022 71.413 
----- 1-- --- 3--a- -. - -a-ES . Eb 
.g #0.219.274 169.753 10.039 
6.425 56.589 3.34S .0 13.4 
--- 4- .. --- 0-. .	 - . -z .£ ­
27.865 28B.83 '14.513 .0 - S8. I0 4------
-- 1----- a --- , -- 0 ---- tD -& 
29.071 327.553 15.11 .0 60.6 

... 1 3---0 -- 0--.... ES-£-----t-.E&----6 
.0 63.3
374%VRI t8.839 
--SI1 I4--- rS 4-1A -. __,_. . 
-- 1 1 - i-	 ---
-1.474 

0.0 

-
.0 
4.347 

-.-O--
.0 
.2 
.0 
.799 

-. 0-

_ 
.0 
.0 

.0 
.0 
.0 

.0 

.0 
.0 

.0 
.0 
.0 

1.363 
-.5 
-
- 0.O 
-
-2.174 
-7.1 
--.---­
-%.347 
-5,5I2 
1.272 
1.765 
-1.996 
3 
693 
-.684 
-
3.177 
3.343 
- 3.543 
"3.976 
3.976 
4.406 
S.14 3 
S.143 
S.573 
S.814 
6.378 
-
- -
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Table 3-3 (Continued) 
STAGS INPUT DATA. PAGE 4
 
- 2 2; 1 21
 
3 36 1 21
 
....-.----	 38--S--- --­
38 13 15 ­
-..-... 5 --------- 5-----1?­
5 3 5 12 
4-- i2'a 
5 B 	 5 12 
5 12 5 1?
 
- s- - 5 12
 
[,23 5 i?
 
5 -2 15 24
 
---- 5 ------ 5------?4 
S 4 	 15 2 
a ..	 26---t-----36­
9 S 	 12 16O
--- I-t 6 6--8. 
12 6 	 18 29 "-f 
5 B 15 211
 
--- 5 ---- 3-----+5----2
 
5 12 	 15 24 
8 14 	 12 - 35 
20 14 	 16 18 
.... --- q---1-I8 2.3
 
13 14 	 20 24 
5 18 	 is 24 
-- -5 ---2-3 -- 1 5-- -2 It
 
5 2 27 36
 
5 - -----­7 36-­
5 4 	 27 36 
5 13 -	 27 36 
s Is 	 27 35 
-...S-- .. a--fl---­
5 23 77 36
 
-
..--------- ---- - .27 T 1). 
O 14 25 & 1.349 -ID. 
--..0--- 115--e-------4--.-3-9-----l4­
15 Z7 S .53; . -1. 
...--- 0 --- 15----? --....- 6--------3.116------10 
0 16 Z9 5 5.661 -0. 
-- f -7- t9 -----. b -- fi 
a 15 33 S b.v45 -I0. 
OOCKHD 4
 H 	 RS3-18A 
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Table 3-3 (Continued) 
STAGS 	INPUT DATA. PA6E 5 
o 191 I 5.6B3 -10. 
o 	 23 31 s 6.5-3 -10. 
... -0-- -4----32-----4----1.-7 3--.--­
o 	 z1 33 5 1.459 -10. 
G-24----- --- 5-....--4-.-3 43Jr-1-- 0 
a 	 2z 3S 5 1.40? -10. 
0 	 22 37 5 2.369 -10.
 
0---	 23- 3 a8 - .1 2 0-- D. 
o 	 14 24 5 .277 10. 
-25- &--1 -3 9 1-0 
o 	 15 26 6 1.339 I,. 
-- 0 -1- ---- 7 & ,S39 _ 10 
o 	 15 28 6 3.465 19. 
---0- 9-7 b && 4t 1,01 
o 17 29 5 6.61 10. 
. ---- 1 --- 30?-----7- 6w9 4 5 10. 
0 18 30 6 6.945 10. 
-- 0-19 -3-' 1 7 6.683 i­
0 20D 31 & &.6B3 10. 
a --- -21 -- 2 - 3 .4 73 -10.­
0 21 33 7 .535 10. 
...---O----21-----34 ? 1 .-393----
o 	 z2 35 - 7 1.407 in. 
o 	 2? 36 7 .779 10. 
....o --- 2<-----3! 7 "2.36- ------ 0. 
0 23' 36 7 2.120 10. 
o 15 26 14 1.330 -10. 
- a -- 4--- V iN27 "14
o 	 1-5 27 14 .539 -10. 
o 	 is 29 13 6.661 -10. 
0 	 18 30 13 6.945 -10. 
-- 4 - 3 4 L. 94 ------- 10­
0 	 19 31 13 6.683 -10.
 
....	 0-...23]----3-1----1-4--6.B8 - -"10. 
0 21 3Z 13 3.473 -10. 
----IS - - .535...... -1 
a 21 34 13 1.393 -10. 
0--- 21--.33...13 
0 	 22 36 13 .779 -10. 
......-.	0-- 22--- 3-! -3. . . 69 - - -- 0 
0 23 38 13 2.120 -10. 
...	0 -- I -- 4 _---.-__ .277- -10.­
a 14 25 14 1.349 10.
_-0 - -6- ----- 1.--,330 I-. 
O Is 27 14 .53; 13. 
--	 O---1--&--- -- - -------- 4 .4 ---- S. 
-_ 
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Table 3-3 (Concluded) 
STAGS INPUT DATA. PASE 6
 
o t 29 is 6.6 II
 
o 17 29 14 .661 10.
 
--- fl------------3-- 35 6.945-- -10 ­
o is 30" 14 6.945 10. 
0--19i- 1-1-5--ti t-frS3- "-10r
 
0 23 31 14 6.6B3 10.

-- -0---215----- - 73- / 0 
0 21 33 is .536 10.
 
0 22 35 15 1.407 10.
 
0 2? 37 15 2.369 10.
 
o0 3Ii I i iIs 
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Table 3-4 
STAGS C INPUT DATA LISTING, ROTATED MODEL (+ZB) 
&LLOUIL TPFS.AKTSKT
 
it TOO7 " t-Lt III0--4§-l-6-I
'12:wt-)
 
STAGS C SRO ROTATED 90 DEG

"0 '-"4 --- 41-- 3--- - Q . . . . ... . .. . . . . .
 
'42 21 it 21 7 21 38 21
 
2 a 0 1 
....-- -..
I 
..--
- ----....i ­
-_---I
' 6 40 72 25 0 ' .­
...- ... 3 2.. 1Z . ...

I a a a
 
-. I. 0. Ii
 
. . 1 . . a--" a .. .. . . . .. " . . .
 
.0 215.35 .0 180. 73.

~--I - " .- - - - - - - - -...... . ... ... . .. - --.  
Ds2 2,5 5.0 
 16. 28,22 39.22 41.72 '01922
 
111.25 115.75 118.00 
 120.26 123.01 
 125.76 131:27
..1 5 t'--- T6 6-~8 ...I5 Ji 2 7 8;7 .. '1i2 1K6;7r---69"zh-... q;- 142.277 --- 'f8 -­
194,29 199.30 201.80 204.30 205.68 207.06 209.82 212.68
25 . ----"23.V& .3 .. - - - -- -- ..
 
.0 12. 24. 
 30. 36* I8t 67.5 82.5

.....-vi-i-- "975"...105. 
-- l25 .132. 
-.l-a8T-T44j 50': 
156, 162. 168, 179. 180.
- -N . 6
4q.. 
.. . ...
. . . . .. . . . .. .. . .. . .
 
a ! 
.5'46 Z.105 1.bl't 2.105 -1.06 -2.#0S .546 
-2.105
 
1 0 4 1 3O.E6 I1I.E6 .28
.. 5---- . ." - 82
OS iJ825 --.. r..... 
 r-.--' T;-h25 - --'3 85-'l-U26
 
1.993 b.692 1.621 "0 .0137 
 to 1.975
1 -1 0 30.E6 ... - .E6 2-8.
 
-- *Y/1I--'-~C 16'I "w 737 

- O DVSU--T0' 
______ 
' 
3 " " I I 21 
-- 8-----i -- 21-.......... 

..
 
1 £4 - I 21 
-- 2- 20-.. I 21
 
2 28 a 21
 
---T-- 3 6 F7-- Zr0 1 I 1 
i 1 -,26 
- bZ-.O.E-b 93 3 3OE-&-----­
7 1 0 0
 
-I -I 17 0-0-. 0 281130a
 
131. 132. 133.171
 
.... 
-2 
.. 
. ---- I•.... 
---- --Og-.. 36..--- q ,------ 7 T-h.. .ti-5 
90. 97.5 105. 112.5 132. 138. l'Iq, 
 1SO. 
6 q 3 q 
0RIG1AL PAGE IS 
OF POOR QUALITY 3-21 
LOCKHEED -HUNTSVILLE RESEARCH & ENGINEERING CENTER 
LMSC-HIREC TR D497054
 
Table 3-4 (Continued) 
1 0 4 a- 30*E6 |11,6 42B
 
12.577 13.S321 13,237 2s3086 _ __)21 __....
 
---.....1- .yz - z ... . .. . . .
 
5 1 0 a 
.0 12. 2qv 30. 36. 48, 67.5 82@5 
9 9 - - 1 5e 112-5 '132, 138, 1q,0 -15-04"'­
156. 162. 1681 17q, ISO$
 
- 6 - ' '" 	- . . . .. .. . .. . .. . . . . . . . . .. . . . . .
 .. .	 .
 
0
 
5.425 1.1125 5.625 -1.425 5*625 00 ¢0 00
 
1 7 1 Z
 
3
 
.52 	 30.E6 .33 30.E6 1i.F6 
.0 Y0.956 0 180. 73s 10411 
00 1.6 3.9 7.25 7,723 8425 12,06 1795
 
30.87 	 37.7,t 1q l6 50.9 519q1fe 52. 5-14 sq'NIf 
.....55 --'-----$ ';' T5 6 -95!; 707T;3 76.91 82o9­,-' --

03.3y 83.y 86, 86.536 87.0 90,956
 
90. 97.5 lust 112.; 132. 13B. 1444t 150. 
6 14 3 '1 
0 	 a l01.E6 IE6 
....-7 08 7"--- 8 q9 . .. ; 87 -- ?t969 ----.2i692" 6 -. . 25.2 .. 
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Table 3-4 (Continued) 
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Table 3-4 (Conitinued) 
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Table 3-4 (Concluded) 
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Table 3-5 
MATERIAL PROPERTIES 
Property 
D6AC Steel 
Material 
2219-T87 Aluminum 
E (10b), (psi) 30 10 
p, (lb/in3 ) 0.28 0.102 
Fu, (ksi) 195 63 
Fty, (ksi) 180 51 
3-26 
LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 
LMSC-HREC TR D497054
 
4. SRB CAVITY COLLAPSE LOAD ANALYSIS 
4.1 SRB CAVITY COLLAPSE LOADS 
The SRB mathematical model was analyzed for the nominal conditions 
of 85 ft/sec vertical velocity at water impact as specified in Revision D of 
the SRB loads document (Ref. 1). The distribution of the external pressure 
on the components of the SRB vehicle during cavity collapse are shown in 
Figs.4-la and 4-lb. These figures are reprints of data presented in Ref. 1 
and show the pressure as a function of the wetted length along the keel side 
(0 = 0) and lee side (0 = 180) of the vehicle. The circumferential variations 
of these pressures on each component are described in functional form also. 
The keel and lee meridians may fall along any surface meridian of the SRB 
vehicle. For these analyses the lee and keel meridians were assumed to 
fall on cross sectional planes of symmetry (+YB or +ZB). Internal skirt 
and bulkhead pressure loads were determined from the hydrostatic pres­
sures, Ph and P1 given in Ref. 1, and the functional circumferential distri­
butions as specified in Fig.4-1. The external circumferential cavity collapse 
distribution is shown in Fig. 4-lb. A constant internal motor case pressure 
of p = -1.65 psig, as determined from Ref. 1, was used in the analysis. This 
negative internal pressure is additive to the effects of the external pressure. 
The SRB cavity collapse load for the 85/32/5 (VV/VH/9) condition is 
being analyzed. This case was determined to be the maximum pressure 
differential for the nominal 85 ft/sec vertical impact velocity condition. 
This determination was made by comparing the external pressure to the 
internal skirt hydrostatic pressure for each condition. Since all of the load 
cases have the same distribution and vary in magnitude of pressure levels 
only, this rough test for maximum load case is valid. The pressure differ­
ential for this method is Ap = 148.5 for the 85/32/5 case. The load values 
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I Cavity Collapse SRM Case and SRB Aft Skirt Pressures __ 
LW'4;
-LW',K 
x 
PKEEL FPE 
(.=0) (0=1800) 
ph P1 
INTERNAL PRESSURES
 
SRB AFT SKIRT
SRM CASE 

P =Ph + (i - cos 0)(Pi - Ph)
P= PULLAGE' UNIFORM 

0 5 X 5 LF, -1800 5 0 < 1800
 
EXTERNAL PRESSURES
 
CIRCUMFERENTIAL DISTRIBUTION
 
P =.PKEEL + KC (PLEE - PKEEL)' 0-<X 5-LW,L
, 
-1800 - 0 < 1800
 
0 s Ow
P 'PKEEL, LW,LSX - LWK , "-< 

= 1 [2(X,1)
 
KC, SEE FIGURE V.C.III.2; OW (LwK . LWL)
 
LONGITUDINAL DISTRIBUTION
 
SEE FIGURES FOR PKEEL & PLEE VS. STATION
 
Fig. 4- la - Cavity Collapse Pres sure Distributions - SRM Ca s e and Aft 
Skirt Pressures (Reprint from Ref. 1) 
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BULKHEAD PRESSURE
 
INTERNAL
 
UNIFORM INTERNALLYP ='PULLAGE 
EXTERNAL
 
cos 0)., -1806< -51800P ='PI + (Ph -"P') (1 -
UNIFORM LONGITUDINALLY 
I 
NOTE: KC COS"(18O-4), 90 0 -<4-s-90
 
External Circumferential Distribution
 
Fig.4-lb - Cavity Collapse Pressure Distributions - SRM Aft Bulkhead 
(Reprint from Ref. 1) 
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are taken from Ref. 1. The pressure factor, ratio of the maximum pressure to 
the maximum value given for the nominal distribution as shown in Ref. 1, is 
1.176 for the 85/32/5 case. This factor is to be applied to the external pres­
sure distribution only. Note no design factors have been applied to the loads 
in the analyses. 
The nominal pressure distribution is to be modified by shifting the maxi­
mum pressure peak location for the lee side over a range of +1/4 SRIVI diameter. 
This shift will account for uncertainties in the prediction of vehicle attitude and 
ocean conditions at water impact and cavity collapse. The fore and aft limits 
of the lee side distribution and the keel side distribution are unchanged for 
these shifts (Fig.4-2). 
The net pressure distribution for this load case is shown in Fig. 4-3 
for several stations along the length of the vehicle. This distribution consists 
of the variable external cavity collapse pressure and constant internal SRM 
ullage pressure on Branches I and 2 of the model. The loading on Branches 
3 and 4 consists of the variable internal and external cavity collapse pressure. 
Figures 4-3a, 4-3b and 4-3c show the net pressure distribution with the external 
cavity collapse pressure in the nominal position, shifted aft a distance equal 
to 1/8 the SRM diameter and shifted aft a distance equal to 1/4 the SRM diam­
eter, respectively. All other values are constant for the three load distri­
butions. The nozzle loads acting on the aft dome due to the hydrostatic 
pressure on the nozzle bell are small and are neglected in this final analysis. 
The expressions for determining the circumferential distribution of the 
internal and external pressures were coded for automatic generation of the 
pressures in Subroutine USRLD of STAGS. Listings of the coding for the 
nominal, 1/8 shift and 1/4 shift distributions are given in Tables 4-1, 4-2 and 
4-3, respectively. 
4-4
 
LOCKHEED- HUNTSVILLE RESEARCH & ENGINEERING CENTER 
LMSC-HREC TR D497054
 
Nominal Location 
Shift Aft 118 D 
Shift Aft 1/4 D 
200 
t~100 
P lee 
U) 0 
Pkeel
 
100
 
Sta. 1613.5 1700 1800 1900 
Fig. 4-2 - SRB Cavity Collapse External Pressure Distribution Keel 
and Lee Sides, 85/32/+5 
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Fig.4-3a - Net Pressure Distribution 85/32/5, Nominal Position 
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Fig.4-3b - Net Pressure Distribution 85/3Z/5, Shifted Aft 1/8 D 
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Fig.4-3c - Net Pressure Distribution 85/32/5, Shifted Aft 1/4 D 
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Table, 4- i 
USRLD LISTING FOR NOMINAL LOAD POSITION 
WFORU4S USRLDUSRLD
 
tSA- L3 -1oI)6fl&-Of"Ifl3r (0 -­
*2 
C "- 5UBRDUTINE--USARL ' ----
C a*- DATA FROM CAVITY COLLAPSE VVs8SO/VH/6UO,.O/TH/I0 REVD'DATA 
r LOAD CASE sHAX PRESUIY4 
IF(IK.EQ.2) RETURN 
- " R- A L KC_ . . .... . .. . .. 
D0 999 L-1.NROA 
'00 999 H1,NCOL .....­
FN'L.L76 
XL=X{L)
 
- F(l6RN4c8EQI)GTar-|0....... .
 
IF(IURNCH.EQ.2)O TO 200
 
IF(IuRNCH.Q.3)GO TO'00
 
1g(IBRNcI.EQ*q)GO TO qQt
C-- URAriCFCT-ivje
 
100 PIN'-1.b___6_____
 
... r](XL. GEI93.7IG0-TO--

P&CEL2D., O775sXL
 
"" - F(XL.GE.565)-G0TO-T2D
 
PLLE-O.O
 
120 I(XL.GE.136.5) GO TO 130
 
.....L£E~I25,(X e56.S|"
 
oJTO190
 
60 1U 19U
 
-flNO PE L-q2;f2 T-rq'XL
 
PLLE-ZSO.36-.qq'1AL
 
019COrIJ'TINUE­
IFIY(MISCr,90.) GO TO 180
 
PE-PKEEL FN .... ......
 
Qo TO 170
 
.... i.- -:t-WI.OE1A.6OOS7-8VPLL-E -I-34--p-i 
KCr,(COSCi(JII5b9ghPHII )qETA
 
PE'EI'KLEL +KCsIPLEE.PKEEL f-*FFN
 
100 P. PIN-PL
 
GO TO 9 -00
 
C as BRANCH 2 a
 
PL-SqS* 
PE-(PL *.5$PH-PLICI*.COSIPHI) ) 
... .. PsPIN -PE 
GO TO 900 
300 rL4 5.6
 
....PH=1S,5 . -.
 
pCELn3'*.I2Z4.O'O iXL ____ 
"" - ?LEEat55.39i;%i4XL .... 
;Fiy4rle T.vT90,) GO TO 310 
EL PKtLL 
60 TO 320
 
310
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Table 4-1 (Concluded) 
KC'(COS(3.14I59Z6.PHII )nETA
 
---- PE- PKEt-EtKt(PLEEPKEEL; ­
320 	CONTINUE
 
PIN. PHK+ i*(i(CD§PHIP' LPWH"
 
PePIN-IPEFN)
 
GO"TO'-VU -
Er--
C 0*e BRANCH 4 0** 
-'qU0 PL 11 . . 
PH-I5,5 
PKEEL-33.686-.'404 XL
 
.... IrIXL.G n5T3r-6]-G--Ip
 
o6j -,s9I*XL
 
60 TO 420 ...
 
41O PLLE-20L.64-.887*XL
 
""20 CONTINUE-_
 
IH(Y(tl *0T.90e) GO TO '430
 
PLLE. SIb 

PE--PKEEL-

GO TO 440
 
N430 E TAI.( a 00V W LEET' -

KCS(COSI3.1qIb926-PHIJ)'#ETA 
PE- pKEEL- KC#-fFC9Z4KET 
4Pl PmPIN-(PL*FN) 
-900 CONTINUE -......--
CALL FORCLIPqi3.LMI) 
__999 CONTINUE 
RETURN
 
OF~POOR QAG
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Table 4-2 
USRLD LISTING FOR i/8 LOAD SHIFT AFT 
arOi,'JoS USRLO,IJSRLO
 
C SJd3JTINE-USL --
C *$* DATA Fi0M CAVITY COLLkPSE VVz85,tIVH163r42/TH/t0 REV.D OhIA 
MAXl~li4rcIs-f#£*44-LOAD)OA 	 P0AS,2/E- 4T--GLkA-&1A 
IFI.EQ.2I QETURN

IEAL KC 
33 ?99 L1.WQ0Oi

DO 9?99 ICL 
FzZI.17S 
XL:XIL )
 
IF I 3R4CH. EQ. I )&O--DI-

rF(3RqCH.E2. 19O TO DO 
.. . I I tRqNCR.ED.31"O -TO-30 ­
IF(T3QNCr.EQ.4)2f TO 400 
123 	P1:-lAS5 
IF(KL.SE.193.SI-GO-.-TO --130­
PKELZ23.t.37?5*XL 
. (jL.GE.56.SI GO--TO-liD----
PL.E :9 * 
. ..30 19 1)0O 	 ________ 
113 IF|UL.G .13S55 Go TO 120 
- PLE;-1.25*L-56.5)-­
30 10 193 
I O LLE13JS.-.6*XLiS &­
3 TO 190 
tiX(L.3E.Zll.75) 30 TO 140
 
PLEz:i4.?49*.864 *tXL-1J)3.5)--

RD TO 190
 
190 	COTIN)UE
 
,C:aAEEL$FN 
3D TO l7i. . . . ... . .. . .
 
I rAU .330357*IPLEE)**23..01634*PLEE
 
4C:ICOSE(3.14159 b-PHII)*ZT--
EzIPKICEL ,(Ct(PLZE-PEELI )*F
 
50 TO 900
 
C 43AV4 Za*
 
230 PI14-l.6S
 
pZP -PC PL-l A4 
30 10 930 
C O* IRANCH 3 0* 
332 L:45.5 . 
Ir( I'll .1G.90.)- so to i-.. 
O PoojlAGJ 	 4-il
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Table 4-Z (Concluded) 
DE:PKEEL ­
0 TO -..320--­
310 ETA=C.3O057BttPLEE)*t2.)*.0 34*QLEE" 
- PE= PKEEL *KCbIPLEE-PKEEL) 
PI'1: PH.5Q 1.-COS(PHX))41PL-PH"
 
30 TO 930 
C- *** 3iftNCN 4 44----------------0_ 
439 P =I4.5 
.....- PH :1 5.5 . . . 
't:P5 *.54(1.-COS(PA1k)*(PL-PH) 
...PKEEL=33.bB&-.-3045WL"
 
IF(XL.GE.35.31&) SO TO 410
 
so TO 420
 
"--t aLC rl35-1-a8t1-*t -35.31 
4?3 CONTlNUE1F(Y(bI-.3T. 90)-O-O---30­
0!: PKEEL 
- - 50 TO 440 ---- --­
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Table 4-3 
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Tible 4-3 (Concluded) 
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4.2 SRB STAGS C LINEAR ANALYSIS 
Linear analyses were performed for the 85/32/5 (VV/VH/9) case for 
both the original and rotated models. Each model was analyzed for all three 
pressure peak locations. No design factors were applied to the loads in the 
computer analyses. The linear analyses showed good margins against the 
material yield allowables in all structural areas of the SRB. Figures 
4-4 and 4-5 show the maximum stress values determined in the linear 
analysis for the three pressure locations. The first stress value is for the 
max pressure peak in the nominal position, the values denoted (1/8) and (1/4) 
are for the pressure peak shifted aft 1/8 D and 1/4 D, respectively. 
From Figs. 4-4a and 4-5a the maximum stress values in the SRM case 
and dome structure are seen to be well below the material allowables for the 
D6AC steel. If a design factor (DF) of 1.25 is applied to the maximum stress 
value given for the dome skin, f = 1.25 (146,400) = 183,000 psi, the resultant 
stress value still falls below the ultimate material allowable (Table 3-5) giving 
a positive margin of safety. 
The maximum stress in the steel reinforcing tee-ring at the cylinder­
conical skirt interface is seen to be well below the maximum allowable stress 
value for both model orientations, Figs. 4-4b and 4-5b. 
The computed stress values in the skirt stucture for the linear analyses 
are also shown in Figs. 4-4b and 4-5b. These maximum values are seen to 
be well below the material allowables for the 2219 aluminum. The largest 
stress value occurs in the skin just forward of the upper ring at q = 180 deg, 
lee side, for original model configuration. Applying a design factor of 1.25 
produces a stress value still below the ultimate material allowable. Hence, 
the margin of safety is 
MS - tu - 1 = 63,000 + .(DF)(f) (1.25)(46,200) 
- = + .09 
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Stress in psi 
r=ring, s=skin 
c = conpression 
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Fig. 4-4a - Maximum Stresses, Original Model, 85/32/5 Linear Analysis 
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Linear Analysis 
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The maximum stresses in the rings are also given in the figures. These 
values should be checked against the flange crippling stresses in a detail 
stress analysis to ensure structural integrity. From the size and cross­
sectional dimensions of the rings, it would appear by inspection that local 
crippling would not be critical but this should be determined by calculation. 
The displacements normal to the surface for the 0= 0, 90 and 180 deg meri­
dians are shown in Figs. 4-6 and 4-8. Figure 4-7 shows the deformed shape 
at several cross-sectional locations for the original model, the rotated model 
has a similar general deformation pattern. 
4.3 BIFURCATION BUCKLING ANALYSIS 
Bifurcation buckling analyses were performed for the 85/32/5 load case 
for both the original and rotated models. The results of these studies are 
given in Table 4-4. The eigenvalues are seen to be at least 2.5 times the 
applied load with the predicted buckle occurring in the cylinder at station 
1797.8 between the aft tee ring and clevis joint for both models. The buckling 
mode shape is shown in Fig. 4-9. Even With an appropriate knockdown factor 
(KDF) of 0.63 applied (Ref. 3), the resultant predicted buckling load factor (LF) 
is well above the design load. 
LF = KDF x Eigenvalue 
LF = (0.63) (2.526) = 1.592 
This factor results in a positive margin of safety even with the I.Z5 design 
factor applied"to the loading. 
LF' 1.59 
MS = - = 1.9Z 1 = + 0.274DI' 1.25 
4.4 NONLINEAR ANALYSIS 
A nonlinear analysis was performed to more accurately determine the 
failure load. The results of this analysis at Station 1797.8, 0 = 180 deg is 
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Table 4-4
 
BIFURCATION BUCKLING, 85/32/5 LOAD CASE
 
SRB Model/Load 
Position 
Original Model (+YB) 
Nominal 
1/8 Aft Shift 
1/4 Aft Shift 
Rotated Model (+ZB) 
Nominal 
1/8 Aft Shift 
1/4 Aft Shirt 
Eigenvalue 
2.569 Sta. 
2.785 Sta. 
2.993 Sta. 
Z.5Z6 Sta. 
2.750 Sta. 
2.968 Sta. 
Location 
1797.8 @ 180 deg 
1797.8 @ 180 deg 
1797.8 @ 180 deg 
1797.8 @ 180 deg 
1797.8 @ 180 deg 
1797.8 @ 180 deg 
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shown in Fig. 4-10 for the rotated model with the 85/32/5 load case in the 
nominal position. The linear, nonlinear and bifurcation buckling analyses 
are compared in this figure. The nonlinear collapse is seen to occur at a 
load factor of approximately 1.8. This factor is seen to be well above 
the applied load, LF = 1.0, indicating structural integrity will be maintained. 
Stress values in the skirt structure for the applied load (load factor of 
1.0) are shown in Fig. 4-11 for the nonlinear analysis of the rotated model. 
The major skin stress value near the Upper Ring at 180 deg is seen to be 
25% greater than the corresponding linear analysis value given-in Fig. 4-5b 
44,800­
stress values in Fig. 4-11 for the rotated model skirt35,760 = 1.25). The 
are seen to be below the material yield allowable. With the design factor of 
1.25 applied, the maximum stress value is still below the material ultimate, 
f= 44,800 (1.25.) = 56,000 < F. However/if this ratio of nonlinear/linear 
value of 1.25 is applied to the maximum stress value (f = 46,200 psi) for the 
original model linear analysis shown in Fig. 4-4b, the maximum skin stress 
value will be f= 57,750 psi. Using the design factor of 1.25 the resultant 
stress is greater than the material ultimate giving a negative margin of
 
safety in the skin at this area of the skirt.
 
MS Ftu -1(DF)f 
63,000 
- (1.25)(57,750)-1 
MS = -. 127 
A more detailed analysis should be performed for this area. Other areas of 
the structure have positive margins of safety by inspection. 
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4.5 THERMAL EFFECTS 
To determine the sensitivity of the aft SRB structure to thermal loads, 
the rotated model described in Section 3 was used. However, the discrete 
stiffener used in previous models could not be used. To account for thermal 
gradients each stiffener cross section must be divided into sub-elements so 
the thermal expansion may be considered constant within each sub-element. 
Stiffeners located on the exterior of the motor case were divided into 
4 or 5 sub-elements so that temperatures could be allowed to vary linearly 
from the outer portion of the stiffener to the skin temperature at the sub­
element nearest the skin. For internal stiffeners (those on the skirt or at 
the aft end of the dome) only one subelenent was used since the stiffener and 
adjacent skin were of the same temperature. No variations in temperature 
through the skin thickness were allowed. 
The skin and stiffener temperatures given in Table 4-5 were used in 
the analysis. A stress-free temperature of 70 F was used. 
Table 4-5 
TEMPERATURE DISTRIBUTIONS FOR THERMAL
 
EFFECTS DETERMINATION
 
Motor Case Dome Skirt 
Temperature (F) 
Skin Z50 Z50 160 
Stiffener 400 Z50 160 
Maximum stresses resulting from the 1/4 D shift pressure distribu­
tion described previously combined with the temperatures above are shown 
in Fig. 4-12. The skin stresses in the skirt at s = 180 deg, adjacent 
to the upper ring is the only area within the skirt where problems may arise. 
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The stress in the skin increased by approximately 4740 psi due to the inclusion 
of thermal effects. For the rotated model this increase does not indicate diffi­
sameculties. However, the original model could be expected to increase by the 
amount. In Fig. 4-4b it was shown that the maximum skin stress was 46,Z00 
psi for the original model. An increase of 4,740 psi increases the maximum 
stress to 50,940 psi. Applying a design factor of 1.25 to this value the stress 
becomes 63,675 psi, approximately the ultimate stress for the 2219 aluminum 
used in the skirt. 
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5. REVIEW OF BROWN ENGINEERING SRB STAGS MODELS 
Brown Engineering personnel, under support contract to NASA-MSFC, 
experienced several difficulties in obtaining accurate results using STAGS. 
These problem areas were investigated and causes were determined. Most 
problems were associated with the grid network chosen and the ordering of 
the branches of the model. The particular modeling problems were covered 
by the parameter studies and other grid studies in Section 2. 
In the Brown SRB STAGS math models that were reviewed, the cone 
branch is designated as Branch 1 and the cylinder as Branch Z. The cone 
longitudinal grid originates at the intersection and terminates at the aft end 
of the skirt. The cylinder grid originates at the forward end of the cylinder 
segment (support plane) and terminates at the cone-cylinder intersection. 
This is an inefficient method for the ordering of the terms in the banded 
matrix solution routine used in STAGS. The most efficient method is for 
the cylinder to be designated Branch 1, originating at the forward end of the 
cylinder segment and terminating at the cone-cylinder intersection. - The 
conical skirt would be Branch 2 with the origin at the cone cylinder inter­
section and terminating at the aft end of the skirt. This provides a con­
tinuous flow of node connections throughout the model, thus reducing the 
number of interconnected matrix terms. (This is the ordering sequence 
used in the model constructed in Section 3.) 
A large savings in computer time is realized using this orientation. 
Table 5-1 shows a comparison of Univac 1108 computer run times for com­
parable Brown and Lockheed STAGS B SRB models with a cavity collapse 
load case. The ordering sequence shown in Section 3 was used for the four­
branch Lockheed model. A saving of 2 hours and 6 minutes of charged time 
is realized by the proper ordering sequence. 
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Tablo 5-1 
SRB STAGS B MODEL COMPARISON 
Lockheed Brown
Item Model Model 
Number of Branches 4 2 
Number of Nodes 3183 2394
 
Number of Equations 5187 5786 
CPU Time 0/19/21.689 0/36/46.987 
I/O Time* 0/6/38.448 1/53/26.078 
Total Time 0/27/2.868 2/32/52.909 
Time is hours/minutes/seconds.
 
The Brown models have 21 finely spaced grid divisions in the longitudinal 
direction on the skirt but only eight sparsely spaced divisions on the cylinder. 
From Fig. 2-6 of Section 2 this is shown to inhibit the true deformations at the 
cone-cylinder intersection and results in higher predicted stress values in the 
reinforcing ring. This grid spacing would also result in higher computed values 
for the buckling load. The accuracy of these models could be improved by add­
ing several closely spaced grid lines-adjacent to the intersection and reinforcing 
ring on the cylinder branch. 
The SRM aft dome cap has not been included in the Brown models. The 
addition of this structure would give radial stiffness to the cylinder wall in the 
area of the highest pressure in the cavity collapse load. Also the constant 
internal pressure load on the skirt, dome and cylinder was not included in 
the load data. These corrections should be made to obtain accurate results. 
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6. CONCLUSIONS AND RECOMMENDATIONS 
6.1 CONC LUSIONS 
The STAGS C finite difference computer program is ah efficient and 
accurate tool for the structural analysis of general shell structures. Param­
eter studies should be performed and several grid patterns investigated using 
a simplified model of the structure and loading before the large detailed model 
is constructed. This method will produce a mathematical model that has the 
most efficient computer run time and one that will give achurate results for 
- the linear, nonlinear and bifurcation buckling analyses. 
The 85/32/5 (VV/VH/G) cavity collapse load case was determined to 
be the maximum loading for the SRB skirt structure and the aft portion of the 
motor case. The linear analyses showed that structural integrity will be main­
tained for the applied load. With a design factor of 1.Z5 the linear analyses 
stresses will still give positive margins of safety using the material ultimate 
allowable. The bifurcation buckling analyses predicted buckling in the cylinder 
motor case at Station 1797.8 on the lee side of the structure. This location 
was typical for both the rotated (+ZB) and original (+YB) models for all three 
load positions. The minimum eigenvalue calculated was Z.526. Even with an 
appropriate knockdown factor of 0.63 applied, the resultant eigenvalue of 1.592 
gives a positive margin of safety for the structure. 
The nonlinear analysis at the applied load (LF = 1.0) show stress values 
in the inelastic range in the skirt for the original model (+YB). This occurs 
in the skin just forward of the upper ring at the lee side. Applying the design 
factor of 1.25 results in a stress value above the material ultimate giving a 
negative margin of safety (- .127) at this location. Detailed analyses should 
be made of this area to more accurately predict the true inelastic stress 
distribution and the corresponding margin of safety. 
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6.2 AREAS FOR ADDITIONAL STUDY 
Some areas for future study that need to be investigated and incorpo­
rated into the STAGS SRB mathematical model are the addition of the pressure 
normal to the web of the skirt rings. This will have negligible effect on the 
overall skirt structure but may significantly affect the stress levels in the 
ring elements. For the thermal analysis of the skirt, a constant temperature 
was used. A more accurate temperature distribution over the cylinder, dome 
and skirt as well as thermal gradients through the skin of the structure should 
be obtained and a combined pressure/thermal analysis made. Structural anal­
yses should be performed for the cylinder for the pressure peak shifted forward 
1/8 and 1/4 SRM diameters. Linear, bifurcation and nonlinear analyses with 
thermal effects, included should be performed. A simplified 360 deg model 
should be coded and analyzed with the lee and keel meridians off the planes 
of symmetry. These results could be compared to the analysis of the same 
model with the loading on the symmetry planes. A comparison of these 
models would give a factor to be applied to the 180 deg detail model stresses 
to obtain relative stress magnitudes. The addition of a plot package to check 
data ihput and structure geometry would be a very beneficial addition to the 
STAGS C program. The deformed structure plots would add greatly to the 
efficient utilization of this program during structural analysis tasks. 
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